New zirconium(IV) complexes were synthesized with bidentate ligands and characterized by elemental analysis, molar conductance measurements, molecular weight determinations, IR, electronic, NMR ( 1 H and 13 C), fluorescence and molecular modeling studies. All the complexes are 1 : 2 electrolytes in nature and may be formulated as [Zr(L) 2 Cl 2 ] (where L is Schiff bases of amino acids and substituted isatin). The analytical data showed that the Schiff-base ligand acts as bidentate toward zirconium ion via the azomethine nitrogen and carboxylate oxygen. The conductivity values between 8.5-12.6 Ω −1 , mol −1 , cm 2 in DMF imply the presence of nonelectrolyte species. On the basis of spectral and molecular modeling studies, the resulting complexes are proposed to have octahedral geometries.
Introduction
The coordination chemistry of Schiff bases has been widely explored, though its use in supramolecular coordination chemistry remains largely unexplored. The Schiff-base moiety is potentially ambidentate and can coordinate through nitrogen with either oxygen or sulfur atoms. The vast literature on structural studies of Schiff-base complexes reveals some interesting features of their coordination behavior [1] [2] [3] [4] [5] [6] . Schiff-base metal chelates have played a central role in the development of coordination chemistry. Metal complexes with Schiff-base ligands have been receiving considerable attention due to the pharmacological properties of both ligands and complexes [7] [8] [9] [10] . Schiff-base derivatives exhibit a great variety of biological activities, such as antitumor [11, 12] , antifungal [13, 14] , antibacterial [15, 16] , anticonvulsant [17] and antiviral [18] properties. The interest in the construction of Schiff-base coordination complexes by reacting transition metal ions with bidentate has been constantly growing over the past years [19] [20] [21] . Within this understanding lies an increased knowledge of molecular self-assembly, metalligand complexation, and disposition of metal binding sites.
By mastering these areas, new improved systems related to the fields of catalysis, supramolecular chemistry, and bioengineering can be achieved. Although the chemistry of zirconium complexes has been extensively studied, particularly in relation to their application as polymerization catalysts, the coordination chemistry of these oxophilic metals has concentrated on the use of oxygen donors. Many researchers have conducted on Schiff-base complexes; most of these complexes were found to be biologically active [22] [23] [24] [25] as there has been considerable interest in the study of first-row transition metal Schiff-base complexes. However, relatively less work has appeared on the complexes of 2nd and 3rd rows transition metal ions. There is not much information on zirconium(IV) complexes from the available literature; therefore this paper reports the synthesis and characterization of zirconium(IV) complexes of Schiff bases derived from amino acids and isatins.
Experimental

Starting Materials.
All chemicals used in the present work, 1H-indole-2,3-dione, 5-chloro-1H-indole-2,3-dione, amino acids (glycine, alanine, valine, methionine, phenylalanine, and tryptophan), and oxozirconium(IV) chloride, were of analytical grade. The ligands were prepared by the condensation of isatins with amino acids as described earlier [9, 26] .
Analytical Procedures.
Solvents used were dried and purified by standard methods and moisture was excluded from the glass apparatus using CaCl 2 drying tubes. The melting points of the compounds were determined on a capillary melting point apparatus and were not corrected. The purity of the compounds was confirmed by thin layer chromatography using silica gel-G glass plates as the stationary phase and
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Physical Measurements.
The IR spectra of samples in KBr pellets were recorded on an FTIR spectrophotometer model SP-2, Perkin Elmer in the range of 4000-400 cm −1 . The electronic spectra of the ligands and their metal complexes were recorded in dry DMSO, on a thermo-, double-beam spectrophotometer UV 1, in the range of 800-200 nm. The fluorescence studies of Schiff base and its metal complexes were recorded on Shimadzu RF-5301PC spectrophotometer. The molar conductance of the complexes was measured on 10 −3 M DMF solutions using Systronics conductivity bride model 305. 1 H and 13 C NMR spectra were recorded on Bruker avance II (400 MHz) FTNMR spectrometer at the SAIF, Punjab University, Chandigarh, using DMSO-d 6 as the solvent and tetramethylsilane (TMS) as an internal standard.
Molecular Modeling Studies.
The molecular modeling of a representative compound is carried out on a CS Chem 3D ultramolecular modeling and analysis programme, interactive graphics programme that enables rapid structure building and geometry optimization with minimum energy and molecular display.
Preparation of Zirconium
Complexes. The complexes were prepared by treating oxozirconium(IV) chloride (1.61 mmol) in methanol with the corresponding Schiff bases (3.22 mmol) in the same solvent. The mixture was refluxed for three hours on a water bath after which the crystals of the complex separate out on cooling; the mixture was concentrated on a steam bath until about one-third of the solution remained. The concentrated solution was cooled after which the crystals were filtered, washed with methanol, and then dried in vacuum at 45 ± 5 ∘ C after repeated washing with dry cyclohexane. The compounds were purified by recrystallization from the same solvent. The purity of the compounds was checked by TLC using silica gel G as adsorbent.
Compound ( 
Results and Discussion
The reactions of zirconium(IV) dichloride with the monofunctional bidentate Schiff bases were carried out in dry methanol in 1 : 2 stoichiometric ratios and can be represented by the equation in Scheme 1.
All these compounds are coloured solids, insoluble in common organic solvents and soluble in DMSO, DMF, CHCl 3 , MeOH, and so forth and insoluble in n-hexane and petroleum ether. The conductivity values for the Zr(L) 2 Cl 2 complexes (in DMF, 10 −3 moL, 25 ∘ C), ranging in the 8.5-12.6 Ω −1 , moL −1 , cm 2 region, indicate that the nonelectrolytic nature of the compounds suggests that the anions are covalently bonded. The molecular weight determination by the Rast camphor method shows that the products are monomeric in nature. Abbr.
Scheme 1: Representative equation illustrating the formation of Schiff bases and their zirconium(IV) complexes.
A strong band (due to the azomethine group) at 1620-1635 cm −1 in the spectra of the free ligands [27, 28] is shifted to lower wavenumber in the complexes studied, showing the coordination of azomethine nitrogen to the metal atom [26, 29] . The coordination of azomethine nitrogen to the metal atom is supported by the appearance of a new absorption band at 535 cm −1 , which may be assigned to (Zr ← N) vibrations [30] .
The infrared spectra of all the zirconium complexes do not show the strong band in the region 3105-2740 cm −1 due to (COOH), indicating the deprotonation of the carboxylate group of the Schiff bases with zirconium metal as expected. It is further confirmed by the appearance of sharp band at 465 cm −1 in the spectra of all the complexes assignable to the (Zr-O) stretching vibrations [31] . In the spectra of the complexes two sharp bands are observed at 1590 and 1320 cm −1 and are assigned to the asym (COO) and sym (COO), respectively. Furthermore, the separation between asymmetric and symmetric vibrations is about 270 cm bond as unidentate manner. Ionic bonding and also bridging or chelation can therefore be excluded. Sandhu and Verma in their studies and reports have shown that the Δ value of complexes greater by 65-90 cm −1 than in their sodium salts indicates either asymmetric or monodentate bonding of the carboxylate group to metal atom [32] . Moreover, Δ values of complexes below 200 cm −1 would be expected for bridging or chelating carboxylates, but greater than 200 cm −1 for the monodentate bonding carboxylate anions [33] . The C=O band of the indole group appears in the range of 1720-1740 cm −1 in the ligands. However, a strong band at 1740 cm
due to the vibration of C=O group remains unchanged in the spectra of complexes showing thereby the noninvolvement of this group in coordination and thus confirms that the C=O from indole is not involved in the complexation.
Electronic Spectra. The electronic spectra of Schiff bases and its zirconium complexes have been recorded in methanol.
In spectrum of the ligand, three bands are observed at 280, 300, and 380 nm. The bands at 280 and 300 nm are due to the - * transitions within the aromatic ring and remain almost unchanged in the spectra of zirconium complexes. Another band at 380 nm is due to the - * transitions within the >C=N-chromophore and shows a bathochromic shift in the spectra of zirconium complexes due to the coordination of azomethine nitrogen to the zirconium atom. This band shifts slightly to the higher-energy region in the spectra of zirconium complexes due to the polarization within the >C=N chromophore caused by the zirconium-ligand electron interaction.
3.3.
1 NMR Spectra. The characteristic resonance peaks for the synthesized compounds have been recorded in DMSOd 6 and data are given in experimental section. The expected resonances are assigned by their peak multiplicity, intensity patterns, and integration. The 1 H NMR spectral data of the ligands show single resonance at 11.4 ± 0.10 ppm, which is absent in the spectra of the metal complexes, indicating the replacement of the carboxylic acid proton by the Zr(IV) moiety. The ligands give a complex multiplet signal in the region 7.20-7.82 ppm for the aromatic protons and these remain almost at the same position in the spectra of the metal complexes. The appearance of signals due to NH protons at the same positions in the ligand and its complexes shows the non-involvement of this group in coordination.
Schiff bases derived from glycine, alanine, valine, and methionine display four/three aromatic protons, as expected. In the spectrum of phenylalanine, the integral of the aromatic 8 International Journal of Inorganic Chemistry region corresponds to nine protons; five protons on the phenyl ring are recognizable at 7.4 ppm. Methylene (for glycine, alanine, valine, and methionine) protons on the -carbon of the carboxylic acid moieties appear at 3.96-4.30 ppm. This signal is a singlet for (1), a doublet for (3) and (6), a triplet for (7) and (8), and a quartet for (2) and (5) all of which arise from the nonequivalent methylene protons in structures (1) (2) (3) (4) (5) (6) (7) (8) . In general, the complexes obtained were found to exhibit no additional resonances and thus reflect the purity of the complexes. The integration of peaks concurs with the number of protons postulated from the structures proposed for the complexes.
3.4.
13
NMR Spectra. The 13 C NMR spectral data for ligands and their corresponding metal complexes have been recorded in experimental part. Evidence of the formation of the complexes is clearly displayed in the 13 C NMR spectra. The 13 C NMR spectra of complexes showed that the (COO) signal shifted to the downfield region which is lower compared to that of the ligand (176.1-178.5 ppm) indicating the carboxylate anion is bonded to zirconium atom upon complexation. The signals due to the carbon atom attached to the azomethine group in the ligands appear at 162.3 ± 0.90 ppm. However, in the spectra of the corresponding metal complexes, these appear at ∼ 154.2 ppm. The considerable shifts in the resonance of the carbon atom attached to nitrogen indicate the involvement of azomethine nitrogen atom of coordination. The occurrence of eight resonances in the range of 118.3-150.7 ppm in the 13 C NMR spectra of the complexes and ligands is defined as aromatic carbons signals. Generally, the 13 C NMR spectra of the complexes obtained were found to exhibit no additional resonances and thus reflected the purity of the complexes. Though, it is also possible that the shifting of azomethine carbon is due to the change in hybridization of nitrogen attached to carboxylate group, but in the light of IR, UV, and 1 H NMR spectral studies it seems more plausible that the shifting in these carbons is due to the involvement of carboxylate oxygen and azomethine nitrogen in bonding.
Fluorescence Spectral Studies.
Metal-ligand coordination may lead to significant changes of the fluorescence properties of the ligand, including increase of the intensity, shift of the emission wavelength, appearance of new emissions, or quenching of the fluorescence. The fluorescence spectra of the Schiff base HL 1 and HL 3 and their metal complexes were recorded in DMF with excitation wavelength 380 nm at room temperature (298 K). The fluorescence emission spectrum of HL 1 with its metal complexes is depicted in Figures 1 and   2 . HL 1 exhibits a strong fluorescence emission at 430 nm; in contrast with this partial fluorescence quenching phenomena are observed in its metal complexes with weak fluorescence emission at 432 nm for zirconium(IV). HL 3 shows strong fluorescence band at 435 nm and its Zr(IV) complexes exhibit weak emission bands at 436 nm, respectively. The maximum emission wavelength of Schiff bases is red-shifted about 10-20 nm owing to the formation of complex, which may be tentatively assigned to the ligand to metal charge transfer (LMCT). It is evident from the fluorescence spectra that fluorescence emission intensity of Schiff bases decreased dramatically on complex formation with transition metal ions. The decrease in fluorescence intensity with formation of metal complexes is due to decrease in electron density on Schiff bases [34, 35] . All these fluorescent emissions may be assigned to the intraligand fluorescence since the free ligand exhibited a similar emission at 430 and 435 nm, respectively, under the same condition.
Molecular Modeling and Analysis. The ligand (L
4 H) has 50 filled molecular orbitals, and the orbitals of the HOMO and LUMO levels are shown in Figures 3(a) and 3(b) . Notice that the HOMO orbitals are concentrated on the oxygen and nitrogen atoms while the LUMO orbitals are concentrated on the carbons of the indole rings. The HOMO and LUMO energy was found to be −8.268 eV and −4.368 eV.All the synthesized compounds have hexa-coordination and distorted octahedral geometry. Molecular modeling was performed for [ZrCl 2 (L 4 ) 2 ], as representative compound. Tables 1 and  2 list selected interatomic distances and bond angles. The structure of the complex with atomic numbering scheme is shown in Figure 4 ∘ , respectively, for both the Schiff-base ligands. These angles and distances are in good agreement with the X-ray structure of a similar zirconium complex [36] . The ZrCl distances for the metal bound chloride groups are also similar in both complexes and are comparable with reported zirconium compounds [37] .
In all, 205 measurements of the bond lengths (72 in numbers) plus the bond angles (133 in numbers) are listed. Except for a few cases, optimum values of both the bond lengths and the bond angles are given in the tables, with the actual values. The actual bond lengths/bond angles given in Tables 1 and 2 are calculated values as a result of energy optimization in Chem3D Ultra, and the optimum bond length/bond angle values are the standard bond lengths/bond angles established by the builder unit of CHEM 3D. Some values of standard bond lengths/bond angles are missing, possibly because of limitations of the software; we have already noticed this when modeling other systems. In most cases, the actual bond lengths and bond angles are close to the optimum values, confirming the proposed structure of the compound [Zr(L 4 ) 2 Cl].
Conclusion
New Schiff bases and their zirconium complexes have been successfully synthesized. Elemental analysis data obtained
International Journal of Inorganic Chemistry 9 are in good agreement with the predicted formula. Distorted octahedral geometries have been proposed for Zr(IV) complexes with the help of various physicochemical studies. The infrared spectra of these complexes show the presence of monofunctional and bidentate ligands. The Schiff base exhibits a strong fluorescence emission; in contrast with this partial fluorescence quenching phenomena is observed in its metal complexes. The proposed structures of metal complexes are presented in Figure 4 . The 1 H NMR spectra showed that the calculated number of protons for each functional group in the complexes is equal to the number predicted from the molecular formula. Moreover, the 1 H and 13 C NMR spectra of the complexes obtained were found to exhibit no additional resonances and thus reflected the purity of the metal complexes.
